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ABSTRACT Metamaterials, with their extraordinary electromagnetic properties, have transformed antenna
design by offering advanced control over signal propagation and radiation patterns. This review emphasizes
on the integration techniques of major types of metamaterials in antennas to achieve significant gain
enhancement. It begins with an overview of metamaterials, discussing their distinct types, properties, and
the fundamental principles that enable them to manipulate electromagnetic waves in novel ways. The
review then delves into the core topic: the application of these major types of metamaterials in enhancing
antenna gain. It thoroughly examines four primary integration techniques, detailing the physical structures.
Furthermore, the review analyses how specific metamaterials are integrated with different antennas along
with their performances in terms of gain enhancement. Additionally, the review briefly addresses the current
challenges and limitations in the existing techniques of integration of metamaterials with antennas in the
context of recent advancements, emphasizing scopes for future research in order to fully exploit the potential
of metamaterial-enhanced antennas.

INDEX TERMS Metamaterial, antenna, gain enhancement, metamaterials integration, metalens, GRIN
lenses.

I. INTRODUCTION
Antennas are characterized by several key parameters
amongst which gain is significantly related to any antenna’s
performance. Antenna gain quantifies an antenna’s capacity
to focus or concentrate radio frequency energy in a particular
direction or pattern, relative to a source that emits radiation
equally in all directions [1]. The signal strength of a wireless
communication system is commonly measured in terms of
gain and plays a crucial role in determining both the effective
range and the quality of the system.

Metamaterials, a class of engineered materials with unique
electromagnetic properties, have opened new possibilities
in antenna design and performance enhancement. These
materials possess exotic properties not found in naturally
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occurring substances, enabling precise control over electro-
magnetic waves [2]. Metamaterial equipped antenna systems
are widely studied for improving gain by maneuvering the
radiation properties of an antenna. However, there are chal-
lenges in reaching a point where both gain and the profile
of the antenna system is equally acceptable when the gain
of antenna is the point of interest. Enhancing an antenna’s
size and gain simultaneously is challenging due to physical
and design constraints. For example, althoughmetalenses can
increase gain, they often add to the antenna’s size. Similarly,
adding more unit cells increases gain at the expense of the
overall size of the antenna. In addition, advanced metasur-
face/lenses are offering solutions with superior gain but their
complexities pose serious challenges in terms of fabrication
and costs. Overall, achieving optimal performance largely
depends on the effective integration techniques of the suit-
able metamaterials with the aforementioned approaches, this
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section provides a structural analysis of the major techniques
for integrating metamaterials into antennas. It then examines
different types of antennas integrated with metamaterials
within the context of these techniques. The entire analysis
focuses on structural aspects and performance improvements,
specifically how different integration methods and metama-
terials contribute to gain enhancement of antennas. The key
contributions of this review include:

• A brief study on metamaterials, covering their funda-
mental types, and characteristics, andworking principles
based on cutting-edge literature.

• An extensive structural analysis on various methods for
integrating metamaterials with antennas to boost gain,
along with an evaluation of their effectiveness.

• An extended structural and performance analysis on pre-
viously mentioned integration techniques in the context
of different metamaterial-integrated antennas.

• A summary on the existing research gaps and limitations
of the aforementioned metamaterial-equipped antennas,
along with suggestions for future research directions.

The rest of the paper is organized as follows: Section II cov-
ers the fundamentals and basic principles of metamaterials.
Section III provides a critical analysis of the structures and
performance of different integration techniques of metamate-
rials and metamaterial-based antennas for gain enhancement.
A summary of future challenges and research directions is
presented in Section IV, and Section V concludes the paper.

II. FUNDAMENTALS OF METAMATERIALS
Metamaterials are engineered, man-made structures with
unique electromagnetic properties not found in natural mate-
rials. These include the ability tomanipulate dispersionwhich
results unusual permittivity and permeability eventually lead-
ing to negative index [3]. The relationship between refractive
index, effective electric permittivity (εeff ) and magnetic per-
meability (µeff ) can be shown as [4],

n =
√

±εeff µeff (1)

where n denotes the index of refraction.
The constitutive parameters of these materials, such as

permittivity and permeability, depend on the spacing between
cells and the geometric shape of the unit cell, which are
typically implemented on a planar substrate [5].

Metamaterials are fundamentally classified into several
categories based on their permittivity and permeability val-
ues: Epsilon-Negative (ENG), Double Negative (DNG),
Mu-Negative (MNG), and Double-Positive (DPS) materi-
als where all the four regions are depicted in Fig. 1 [6].
DPSmaterials, known for isotropic dielectrics and right-hand
materials, have both positive permeability and permittivity,
being considered as conventional material.

A. MATERIALS WITH NEGATIVE PERMITIVITY
ENG metamaterials are engineered to have negative permit-
tivity as shown in ENG region (Fig. 1). This is achieved

FIGURE 1. Four fundamental regions based on material’s permittivity and
permeability values. Four quadrants signify four basic types [6].

through the design of subwavelength structures, such as thin
metallic wires that interact with electromagnetic fields at
specific frequencies. A structure containing thin conductive
wires with radius of α, arranged in a periodic array with
periodicity of p as shown in Fig. 2 (a) can exhibit negative
permittivity [4] as in,

εeff (ω) = 1−
ω2
p

(ω)2
(2)

where ωp is the plasma frequency and defined as,

ω2
p =

2πc2

p2ln
( p

α

) (3)

The corresponding permittivity response (Fig. 2 (a)) shows
negative real part of effective permittivity below the plasma
frequency.

B. MATERIALS WITH NEGATIVE PERMEABILITY
MNGmaterials are designed with a permeability (µ) negative
and used in ferromagnetic and ferrite materials. Negative
permeability is normally achieved using resonant magnetic
elements like split-ring resonators or other intricate magnetic
structures as shown in Fig. 2 (b) at a subwavelength scale.
The effective permeability exhibited by this type of resonator
is given by,

µeff (ω) = 1 −
Aω2

ω2 − ω2
m + jω0m

(4)

Here A and 0m are the damping parameters and the func-
tion of geometric parameters of s, g, w of the resonator at
resonating frequency (ωm) [4].

C. MATERIALS WITH BOTH NEGATIVE PERMITIVITY AND
PERMEABILITY
DNG metamaterials are perhaps the most intriguing, as they
exhibit both permittivity and permeability less than zero
or negative [7]. They are known as left handed materials
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being able to generate backward wave propagation. This can
be realized through a combination of electric and magnetic
resonant structures, such as paired split-ring resonators and
wire strips, which are carefully designed to achieve negative
permittivity and permeability simultaneously [8]. The first
ever DNG structure (Fig. 3) as the combination of wires and
SRRs was developed by [9].

FIGURE 2. Realization of ENG and MNG materials. (a) Array of thin
metallic wire (left) with real part of effective permittivity (right), and
(b) an SRR unit cell (left) along with the real part of effective permeability
(right).

FIGURE 3. Thin metallic wire is placed in front of SRRs to realize a DNG
material.

III. METAMATERIAL INTEGRATION INTO ANTENNAS FOR
GAIN IMPROVEMENT
In this part, a thorough analysis on integration of meta-
materials has been conducted. To facilitate understanding,
this section initially provides a structural analysis of the
major techniques for integrating metamaterials into anten-
nas. It then examines different types of antennas integrated
with metamaterials based on the aforementioned integration
techniques. The entire analysis focuses on structural aspects
and performance improvements, specifically how different
integration methods and antenna systems contribute to gain
enhancement.

A. INTEGRATION TECHNIQUES
The effectiveness of metamaterials in improving antenna
performance hinges on their integration techniques. These
methods exploit metamaterials’ distinctive electromagnetic
properties, like negative refractive index, high impedance sur-
faces, and electromagnetic bandgap structures, to overcome
particular challenges in antenna design. The selection of an
integration approach is influenced by the targeted antenna
types, operating frequency, and specific application require-
ments [10]. The loading or integration of metamaterials with
antenna, in order to enhance gain, can be broadly classified as
followings whereas Fig. 4 exhibits generic overviews of four
types of major metamaterial integration techniques.

FIGURE 4. A generic representation of four major types (radiator/patch
loading, ground plane loading, substrate loading and superstrate loading)
of metamaterial loading with antenna.

1) RADIATOR LOADING
In typical scenarios, metamaterial structures or cells are
integrated with the antenna, referred to as meta-resonators,
or they are arranged, on the top of substrate (coplanar with
the radiator). This placement near or on the radiator is
especially beneficial for achieving antenna miniaturization
and compactness. Additionally, this coplanar arrangement
of meta-structures and the radiator simplifies the integration
process compared to other methods. In literature, there are
myriad of investigations on different ways to place meta-
material structures coplanar with the radiator. For instance,
a 3 × 6 array of metamaterial unit cells is positioned on
the substrate of a wideband directional conformal antenna.
The cells’ low index property leads to a higher phase
velocity relative to other regions, enabling the structure
to function as a beam-focusing lens with a peak gain of
6.5 dB [11]. study [12] incorporates a diagonal pattern of
modified split-ring resonators (SRR) into the same plane as
the dual-band microstrip antenna’s radiator (Fig. 5). This
study examines the gain variations with different loading
types near the radiator, finding that a diagonal pattern with
increased unit cells significantly boosts gain.

This setup also improves gain in the lower WLAN band
(2.4–2.484 and 5.15–5.85 GHz) without affecting the upper
band’s characteristics. Similarly, the study [13] shows a
substantial gain improvement from −0.5 dB to 3.63 dB at
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FIGURE 5. Diagonally loading of unit cells on/near radiator with
increasing number enhances gain of a dual band microstrip antenna [12].

2.36 GHz in a reference antenna after adding a 3 × 5 array
of modified SRR. This improvement is particularly relevant
as it addresses the challenge of low or negative gain in
lower frequency bands, a critical concern in antenna design
and electromagnetic applications [14],. Another innovative
approach in [16] involves using an array of square-shaped
resonators with diagonal cross- slots (SSDCR) on the ground
plane and adding triangle-shaped capacitive coupled res-
onators (TSCCR) on the patch. Increasing the number of
these unit cells enhances the microstrip patch antenna’s gain
and broadband operability, as shown in Fig. 6 [16].

2) GROUND PLANE LOADING
Metamaterial ground planes, known for their unique elec-
tromagnetic properties such as high impedance or artifi-
cial magnetic conductivity, are increasingly being used in
antenna designs. They enhance radiation patterns, improve
impedance matching, minimize back radiation, and over-
all, boost antenna gain [17]. Metasurfaces like AMCs and
EBGs are particularly preferred for ground planes due to
their reflective and zero phase-shifting properties, which are
discussed later in the review. Integrating these metamate-
rial ground planes into antennas requires precise design to
align with the antenna’s frequency and radiation characteris-
tics [18], proving particularly useful for achieving higher gain
without sacrificing miniaturization [19]. Generally, the inte-
gration can either be as an etched-out ground with periodic
structures as shown in Fig. 7 (a) or an additional metamaterial
plane is placed close to the ground of an antenna (Fig. 7 (b)).
The lattice of SRR and CSRR etched from the ground plane
described in [20] can be used for optimizing antenna’s per-
formance through adjustments in capacitance and inductance
values. This design achieves negative ε and µ at 5.8 GHz and
is implemented in a 2×4MIMO system, yielding a peak gain
of 9.2 dB. This approach normally eliminates the require-
ment of embedding additional structures, instead utilizes the
ground itself as a metasurface. As a different approach from
the previous one, as [21] illustrates, an Ultra-Wide Band
(UWB) microstrip patch antenna’s ground can be backed by
a metamaterial reflector to reduce back radiation and further

enhance gain. Here, the gain is significantly influenced by
the gap between the reflector and the antenna, as depicted in
Fig. 7 (b).

FIGURE 6. Number of elements in the array of the unit cells of
metamaterial (a) affects gain, and (b) broadband operability
significantly [16].

FIGURE 7. (a) The etched-out ground with an array of SRR and CSRR [20],
and(b) variation of gain with distance between antenna and metamaterial
reflector in the case when ground is backed by the reflector [21].

3) SUBSTRATE LOADING
Embedding metamaterials into substrates is a method for
altering dielectric properties to boost antenna gain. In [22],
microstrip patch antenna (MPA) incorporates a Capacitive
Loaded Loop (CLL) metamaterial unit cell arrangement. The
MPA construction uses two FR4 slabs. One slab features the
metamaterial cell array on one side and copper laminate on
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the other, while the second slab has the antenna patch on one
side and no copper laminate on the opposite side. These slabs
are stacked such that the metamaterial cell array is positioned
between the antenna patch and the ground plane (Fig. 8).

Another example is in [23] where a 4 × 4 U–T DNG
metamaterial array is embedded in the middle of a rectan-
gular microstrip patch antenna’s substrate, designed for the
C-band. This careful placement of the metamaterial array
leads to enhanced antenna performance, including an 18%
gain increase and a 24% boost in directivity. The strate-
gic positioning of the metamaterial within the substrate is
the key, enabling the antenna to retain its original radiation
while benefiting from the metamaterial’s unique properties.
Improvement of gain in antennas through integrating meta-
materials into substrates is not yet well explored.

FIGURE 8. Array of metamaterial unit cells immersed into substrate
acting as a modified substrate [22].

4) SUPERSTRATE LOADING
A superstrate, placed above or in front of an antenna’s
radiating element, can manipulate electromagnetic waves in
unique and powerful ways. This enhanced capability allows
the superstrate to bend or focus electromagnetic waves more
effectively, improving the antenna’s performance and effi-
ciency. According to existing literatures, the main objective
of using metamaterial superstrates is to boost the antenna’s
gain, employing them as a standard single or multilayer lens
(metalens). The superstrate’s thickness, number of layers,
and number of unit cells in each layer should be tailored to
match the antenna’s specific frequency and radiation proper-
ties. The spacing between the superstrate and the radiating
element is another vital aspect, influencing the interaction of
electromagnetic waves with the superstrate. It is suggested
that the superstrate be placed at a height where near-field
coupling with the substrate and radiating elements is min-
imized [24]. Additionally, the optimal height can enhance
gain by maximizing the cavity effect due to high reflectivity.
To determine the ideal superstrate height and the unit cell
spacing, a parametric study is conducted in [25]. This study
introduces a two-element MIMO antenna with a 4 × 2 array
of DNG unit cells as a superstrate. Integrating metamateri-
als as superstrates can be especially beneficial in scenarios
requiring substantial gain and directivity enhancement with-
out considerably enlarging the antenna’s physical size.

Table 1 summarizes various metamaterial integration
techniques and their corresponding performance outcomes

FIGURE 9. Gain enhancement across frequency ranges for various
integration techniques as discussed above.

whereas Fig. 9 highlights the amount of gain enhancement
at different frequencies across integration techniques as dis-
cussed above. Ground plane loading, particularly with AMC
structures, delivers the highest gain enhancements, reaching
up to 17.2 dB (Fig. 9), and is ideal for applications requir-
ing strong directional radiation, although it often involves
increased fabrication complexity. Superstrate loading, using
metasurfaces or GRIN lenses, balances gain enhancement
with broader bandwidths and frequency as shown in Fig. 9,
making it well-suited for high-frequency applications like
5G or satellite communications. Radiator loading techniques,
such as SRRs and SSDCRs typically result in narrower band-
widths, which limits their applicability for ultra-wideband
systems. Substrate loading, while compact, faces challenges
with efficiency due to potential substrate losses, though tech-
niques like U-T shaped resonators embedded in substrates
have shown significant performance improvements in spe-
cific cases. In regard to the impact on the overall profile of the
antenna as seen in Table 1, ground plane loading, particularly
with AMC-backed designs, can significantly increase size
(>200%) due to additional unit cell arrays, while EBG-based
ground planes exhibit moderate size growth. Radiator loading
generally maintains a compact footprint (50% to 89.6%), but
larger unit cell arrays slightly expand the structure. Substrate
loading is appeared to be the space-efficient, with embedded
unit cells minimizing external modifications and achieving up
to 75% compactness. Superstrate loading, especially GRIN
lenses and SIC-based layers, increases profile height, though
metasurface-based designs offer low-profile alternatives.

Now that we have reviewed the primary techniques of
metamaterial integration, the following section evaluates
how these methods have been implemented in real antenna
designs, analyzing their benefits, challenges, and observed
gain improvements.

B. PERFORMANCE ANALYSIS OF METAMATERIAL-
INTEGRATED ANTENNAS
Generally, we have considered three key approaches of using
metamaterials in enhancing antenna gain which are [26]:
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TABLE 1.AQ:3 Comparative performance analysis of metamaterial integration methods.
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i) reduction of back radiation andmaximization of reflec-
tion,

ii) controlling of surface wave propagation, and,
iii) maneuvering of EM wave with engineered refractive

index.

For (i) and (ii), metasurfaces such as artificial magnetic
conductors (AMC) and electromagnetic band-gap (EBG)
structures are considered whereas metalenses have been
investigated for (iii). As discussed in the earlier section,
AMC/EBG is typically loaded as reflector/modified ground
plane of an antenna whereas superstrates generally act as
metalenses. This section explores the utilization of specific
types of metamaterial loadings, including AMC, EBG, and
metalenses, exclusively used for gain enhancement.

1) ANTENNAS WITH AMC AND EBG
AMCs and EBG structures are engineered to mimic the prop-
erties of ideal magnetic and electric conductors, respectively.
Both of them usually comprised by periodic arrangement
of several unit cells as shown in Fig. 10. AMCs stand out
from natural materials by showing robust magnetic responses
at certain microwave frequencies [32], and are known for
their high-impedance surfaces, effective in reflecting and
scattering electromagnetic waves [33]. A distinctive aspect
of AMCs is their ability to reflect electromagnetic waves
while preserving their phase, a metal sheets or perfect elec-
tric conductors (PECs) in antennas, which often necessitate
a quarter-wavelength spacing to mitigate destructive inter-
ference [34]. The in-phase reflection by AMCs results in
constructive interference, effectively enhancing antenna gain.
AMCs can be placed nearer to the antenna, thereby enhanc-
ing radiation patterns, boosting efficiency, and allowing for
smaller antenna sizes. The specific operational frequency and
bandwidth of an AMC are determined by its structure, which
typically involves periodic metallic patterns on a dielectric
substrate [35], [36].

AMCs are particularly useful in low-profile antenna
designs for reducing back radiation, thereby increasing for-
ward gain [37], [38]. An AMC-based antenna is presented
in [39] featuring a 2-D periodic pattern on top of a 1.6 mm
thick FR4 slab that creates an impedance surface. The bottom
side has a ground plane with an inductive aperture, modifying
the reflection phase across frequencies and serving as an
alternative to perfect electric conductors (PECs), reducing the
antenna profile to approximately λ/10 of its wavelength. This
antenna achieves a notable gain increase, with a peak gain of
9.7 dB at broadside, 6.2 dB higher than a standard antenna
without AMC. In another study [40], an AMC surface with
a defected dumbbell-shaped unit cell (2 × 2 array) (Fig. 11
(a)) effectively redirects out-of-phase radiation towards the
main beam at the, enhancing gain up to 8.6 dB, an 85%
increase compared to a standard monopole antenna. Fig. 11
(b) represents the zero-reflection phase by the AMC surface
which maximizes the radiation at 2.4 GHz. The capacitive
effect of the AMC structure also provides dual-band func-

tionality (2.4 GHz and 3.9 GHz). Study [21] utilizes an AMC
surface to diminish back radiation in a microstrip-line fed
UWB antenna, achieving peak gain of 17.8 dB. A 3×3 array
of dual-band AMC cells, each 15× 15 mm in size, features a
square patch with a concentric ring and a plus-shaped slot
as depicted in Fig. 12 (a), resonating at 4.7 and 9.9 GHz.
The study finds optimal performance with a 16 mm air gap
between the UWB antenna and the AMC structure, leading
to gain enhancement across the entire operational frequency
range. Fig. 12 (b) illustrates the gain improvement using
AMC compared to the original antenna’s gain.

FIGURE 10. Unit cells of several AMCs/EBGs normally are backed by
grounded dielectric slabs. Grey parts represent metallization [41].

FIGURE 11. (a) 2 × 2 array of defected dumbbell shaped AMC unit-cells
(left) exhibits (b) Zero reflection phase at 2.4 GHz (right) to maximize
radiation [40].

EBGs are characterized by their capacity to create a band
gap that influences electromagnetic wave propagation, selec-
tively blocking or reflecting waves at certain frequencies.
Their primary role lies in mitigating surface waves and
enhancing antenna performance, generally by minimizing
mutual coupling and improving radiation characteristics [42].
EBG structures are primarily designed to develop frequency-
selective surfaces, enabling specific manipulation of waves,
while AMCs are utilized for their distinct reflection capabili-
ties to enhance antenna performance. As illustrated in Fig. 13,
an EBG surface functions as a ground plane for the antenna
situated above it, maintaining a distance much less than half
the wavelength (d ≪ λ0/2). This setup allows for the
reflection of incident waves without any phase shift, thereby
significantly improving the performance of the antenna [43].
By reducing surface waves, EBGs facilitate a greater propor-
tion of power being radiated in the intended direction. This
not only contributes to a more directive radiation pattern but
also inherently increases the antenna’s gain. In study [44],
integrating a mushroom-type EBG structure into a modified
microstrip patch antenna with a defected ground as shown
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in Fig. 14 (a) notably improves its directivity and gain. This
enhancement is particularly effective across the EBG’s oper-
ational bandgap of 2.25 to 4.25 GHz as shown in Fig. 14
(b), due to its ability to suppress surface waves. Due to
this distinct band gap property, EBG blocks electromagnetic
wave propagation in specific frequency ranges. This feature
creates high-impedance surfaces that reflect electromagnetic
waves in phase, leading to constructive interference and thus,
boosting radiated power [45].

FIGURE 12. UWB antenna backed by AMC as proposed in [21]. (a) Top
view, and (b) Gain comparison for the antenna with/without AMC.

FIGURE 13. Working principle of an EBG surface. Zero phase shift results
in constructive interference.

FIGURE 14. (a) Proposed antenna with mushroom like EBG structure
(Yellow unit cells with vias), and (b) Gain at the operating bandgap region
with and without EBG [44].

Table 2 and Table 3 provide overviews on design meth-
ods AMC and EBG structures with different antennas
respectively to enhance gain across various frequencies and
applications.

Additionally, Fig. 15 represents an overview of how both
EBG and AMC contributes in gain improvement of antennas.

FIGURE 15. Techniques of how AMC and EBG contribute in
gainenhancement [46], [47], [48], and [49].

2) ANTENNAS WITH METAMATERIAL LENSES
Metamaterial lenses (metalenses), renowned for their ability
to focus radiation similarly to conventional lenses, offer dis-
tinct advantages over traditional dielectric lenses, as shown
in [50] and [51]. These advantages include wideband oper-
ation and higher gain. Structurally, metalenses are typically
categorized into two types: zero/near zero index and variable
index lenses. Zero or near zero index lenses are considered
to have fixed index property, whereas variable index lens
features a spatially variable refractive index. Both types are
discussed below:

a: ZERO INDEX AND NEAR ZERO INDEX LENSES
These types of lenses are constructed with Zero index
materials (ZIM) or near zero index (NZI) materials exhibit-
ing zero/near zero refractive index as the names suggest.
Based on equation (1), their refractive index is directly
attributed to their dielectric parameters. These zero or near
zero values can take any value from zero axes regardless
the regions/quadrants as shown in Fig. 1. These materials
redirect electromagnetic waves perpendicular to their inter-
face, following Snell’s law, leading to gain improvement.
This concentration of electromagnetic (EM) energy boosts
antenna gain by making it more directive. The EM fields are
evenly distributed but dynamically change, leading to a con-
sistent electric field at the boundary. Consequently, ZIM/NZI
functions like a phased aperture, typically integrated as a
superstrate/layers of superstrates, focusing the radiation pat-
tern and converting the antenna’s curved phase front into a
planar one, as depicted in the Fig. 16. This transformation
enhances the antenna’s directivity and gain [52].
ZIM and NZI superstrates are recognized as 2D lenses as

shown in [53], [54], and [55], often involving single-layer
substrates on the top of antennas. For instance, [53] intro-
duces a single-layer 2D flat lens to increase the gain of a
cylindrical antenna, maintaining a minimal distance of 0.4
λ0 between the lens and the antenna, resulting in a 3.5 dB
gain improvement. Similarly, in [54] a metasurface is placed
0.5λ above a 4-element MIMO antenna to enhance gain at

49496 VOLUME 13, 2025



M. M. Rahman et al.: Application of Metamaterials in Antennas for Gain Improvement

TABLE 2. AMC integrated antennas from literatures with enhanced gain.

TABLE 3. EBG integrated antennas from literatures with enhanced gain.

approximately 26GHz. The metasurface comprises a 9 ×

6 array of circular split rings with extracted permittivity and
permeability values of the unit cell as shown in Fig. 17.
Study [63] employs a 2D ZIM lens in a different way on the
aperture of the radiator (Fig. 18) rather than as a superstrate.
This lens is a compound optical lens (COL), combination of a
plano-convex lens and a double convex lens, which is not only

able to convert spherical wave into a planar one, but also it can
focus the converted wave into a direction with a very narrow
beam of as low as 11.2o. Extremely narrow beam resulted
both gain and directivity enhancement of an antipodal Vivaldi
antenna very effectively. The dual lens action of the loaded
metamaterial at the aperture of the antenna is demonstrated in
the Fig. 18. Compared to single-layer 2D ZIM/NZI, adding
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FIGURE 16. Conversion of curved phase (region 1) into planar phase
(region 2) through ZIM/NZI layer.

FIGURE 17. The array of circular split rings used as a metasurface for a
MIMO system proposed in [54]. (a) the unit cells and array. (b) extracted
parameters of the unit cells at 26 GHz.

multiple superstrate layers as bulk metamaterial enhances
gain further. For example, [64] employs a double-layer ZIM
lens, made from flower-shaped unit cells, to boost the gain
of a conventional microstrip patch antenna for the Ku band,
increasing boresight gain by over 150%. In [52], a nested
Schurig SRR superstrate functions as a dual-band ZIM, trans-
forming a classical monopole into a high- gain dual-band
antenna. An 8 × 8 array of these unit cells is stacked and
placed above the monopole antenna for further gain enhance-
ment by adding more ZIM layers [52], as demonstrated in
Fig. 19. Similarly, in [65], a significant gain enhancement is
observed by adding layers of superstrates where a 7×7 array
of unit cells, developed by appropriately adding metal strips,
is placed on a patch antenna for WiMAX applications. Two
layers of NZI as superstrate result in a peak gain of 8.26 dB
with an increased half-power beam width of 52 degrees.
As the research continues, numerous approaches for gain
enhancement using NZI and ZIM as superstrates are applied
to different antenna types, such as circular patched anten-
nas [66], a tapered log periodic dipole antenna for multiband
operation [67], a miniaturized patch antenna [68], and more.
However, the height of the superstrate remains a constraint
in considering the antenna’s profile, and meticulous selection
of this parameter is necessary to balance between size and the
gain of an antenna.

b: VARIABLE INDEX LENSES
The prevalent concept in utilizing 2D or bulk ZIM/NZI
lenses, as covered in the previous section and various

FIGURE 18. The Vivaldi antenna (in the middle) with compound lens at
the flare end of the antenna. CSRR used in the lens is shown at the left.
The simple equivalent presentation of the compound lens is at the
right [63].

FIGURE 19. The corresponding gain enhancement of a classical planar
monopole antenna (left) for increasing the number of ZIM superstrate
layers [52]. Gain improves as number of layers increases from 1 to 5 at
both frequencies (right).

literatures, involves positioning them as single (2D structure)
or multiple layers (bulk structure) near or directly on the radi-
ators. These lenses typically operate with a single refractive
index (either zero or near-zero) across the desired frequency
range. On the other hand, varying indices by changing shape,
size, orientation and other geometric patterns of the unit
cells provides a more comprehensive way to design antenna
with high gain, beam manipulation and directivity features.
A specific example is given in [69], where a lens is designed
with unit cells of varying shapes, geometries, and orientations
to enable beam manipulation and gain enhancement. The
lens, with dimensions of 50.4 mm x 50.4 mm, features a
28 × 28 array of unit cells, each differing in size. These
cells are engineered to produce discrete phase delays in
the electromagnetic waves originating from a 1.6 dB dipole
feed antenna, attributable to their spatially variable refractive
index. This arrangement efficiently focuses thewaves emitted
from a linear feed array into collimated beams, achieving a
peak gain of 14 dB at 28 GHz. Importantly, the gain can
be further increased without enlarging the lens’s aperture
at higher frequencies, as the unit cells correspond to the
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wavelength of the EM wave. The study also reveals that the
optimal position for the antenna to attain maximum gain is at
the lens’s focal point. Deviating from this position leads to a
decrease in gain due to phase offset which illustrates the setup
and the corresponding gain response [69].

Amongst variable index lenses, gradient index (GRIN)
lenses, which function through the alteration of geometric
parameters and shapes for beam manipulation, are currently
under thorough investigation for their potential in enhancing
antenna gain. The GRIN lens’s ability to gradually vary its
refractive index enables it to operate similarly to a conven-
tional optical lens, shaping and directing beams effectively.
Within the realm of GRIN lenses, the Luneburg lens and
Maxwell’s Fish eye lens stand out as particularly promising
for improving both gain and directivity [8]. The specific
refractive index (n) distributions for the Luneburg lens and
Maxwell’s Fish eye lens are given by [70],

n (r) =
√

ϵr =

√
2 − (

r
R
)
2
, 0 ≤ r ≤ R (5)

and

n (r) =
√

ϵr =

√
2 −

n0
1 + ( rR )

2 , 0 ≤ r ≤ R (6)

respectively. Here ϵr is relative permittivity, R is the radius
of lens, and r denotes the distance between center and any
points. The Luneburg lens is characterized by a radially sym-
metric refractive index that decreases from the center to the
periphery, enabling it to focus beams arriving from any direc-
tion on its surface to a diametrically opposite point. On the
other hand,Maxwell’s Fish-Eye lens, which is based on a spe-
cific refractive index formula, theoretically maps each point
on its surface to another surface point. However, this remains
largely a theoretical concept with limited practical imple-
mentations [55]. GRIN lenses function in the non-resonant
regions of their unit cells, overcoming the narrow bandwidth
and high transmission loss issues typically associated with
ZIM/NZI materials, thereby facilitating enhanced broadband
gain. A notable development in this field is presented in [71],
which introduces a ten-layer 3-D Luneburg lens (Fig. 20)
designed for C band frequencies. This lens is constructed
using vertical dielectric slabs combined with metamaterials
featuring a non-bianisotropic SRR (NB-SRR) to achieve a
variable refractive index. Positioning a small dipole at the
lens’s focal point elevates its gain from 1.6 dB to 15.2 dB
at 7 GHz, making its performance comparable to a con-
ventional parabolic antenna. Such a lens offers significant
gain enhancement for linear antennas, particularly those with
minimal polarization angle or those that are circularly or
elliptically polarized.

Another 10-layered GRIN lens is proposed in [72] which
conducts extraction of parameters like permittivity, per-
meability, and refractive index through Kramers–Kronig
relations [73] based on the geometry and shapes of the unit
cells for a specified frequency range. The varying parameters
of the unit cells are shown in Fig. 21(a), and unit cells are

strategically distributed within the lens to ensure consistent
performance across lower and higher frequencies. The study
achieves a remarkable peak gain of 20.55 dB at an operating
bandwidth of 0.84-11.5 GHz for an Ultra-Wide Band (UWB)
antipodal tapered slot antenna (Fig. 21 (b)), achieved by
positioning six lenses in front of it, as depicted in Fig. 21 (c).
Fig. 21 (d) shows corresponding gain improvement after inte-
grating GRIN lens. Study [70] investigates ways to enhance
the gain of a standard monopole antenna by utilizing seven
parallel-line metamaterial GRIN lenses. This approach is
similar to the techniques outlined in study [67]. These lenses
exhibit a refractive index ranging from 1.1 to 1.67, correlating
with the unit cell length across the frequency spectrum of
2-11 GHz. This configuration results in a maximum gain
50% higher than the basic monopole antenna alone. Further,
[74] proposes a three-layer GRIN lens design, with the core
layer flanked by two impedance matching layers. This study
achieves a wider refractive index range (1.75-5.5) over the
length of the core layer’s unit cells. Additionally, the symmet-
ric structure of the lens allows for desirable gradient indexes
in two orthogonal polarizations with an isolation of 30 dB.
Table 4 provides an overview of recent literature, showcasing
different lenses, their structures, and performances.

FIGURE 20. NB-SRRs as the unit cell with varying parameter to vary
refractive index (left), Sectional view of ten-layered Luneburg lens
(middle) theoretically established in [71]where different colors represent
different values of refractive index specific to a single layer/level as
shown by numbers (right). Index decreases as the radius of the lens
increases.

IV. DISCUSSION AND FUTURE CHALLENGES
AMCs and EBGs, when used as modified ground planes
or reflectors, significantly improve radiation efficiency by
suppressing surface waves and creating constructive inter-
ference. AMCs, characterized by high-impedance surfaces,
effectively convert omnidirectional radiation into directional
patterns, making them particularly suitable for low-profile
antenna applications. EBG structures, on the other hand,
improve front-to-back ratio and reduce mutual coupling in
array configurations.

Metamaterial lenses, such as graded-index (GRIN) lenses,
zero-index (ZIM), and near-zero-index (NZI) superstrates,
manipulate electromagnetic wave propagation to enhance
gain. GRIN lenses, with a continuous refractive index
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TABLE 4. Metamaterial lenses from literatures showing designs, types and performances.

FIGURE 21. 10-layered GRIN lens to enhance gain of an antipodal Vivaldi
antenna. (a)The unit cell with varying parameters (m and d). (b) antenna.
(c) GRIN lens with designed unit cells in front of the antenna [72]. (d) the
gain response of the antenna with and without lens.

gradient, offer superior beamforming capabilities while
maintaining consistent gain across wide scanning angles,
an advantage over traditional phased arrays that suffer
from gain reduction at extreme steering angles. ZIM/NZI
superstrates, particularly in Fabry-Perot configurations, con-

TABLE 5. Challenges and future research directions.

centrate electromagnetic energy by transforming a curved
phase front into a planar one, maximizing constructive inter-
ference. These are especially beneficial for antennas with
existing directive patterns, enhancing their gain without alter-
ing the primary radiation characteristics.
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Among these techniques, GRIN lenses exhibit the most
consistent performance, as their non-resonant metamaterial
cells allow broadband operation with minimal loss. Unlike
AMC-based solutions, which are optimal for enhancing
directional radiation in low-profile designs, GRIN lenses
facilitate continuous beam manipulation with high effi-
ciency. While metamaterial-assisted gain enhancement has
shown significant progress, challenges remain in optimiz-
ing fabrication techniques, minimizing losses in practical
implementations, and extending performance across broader
frequency ranges. Based on the analysis and investigation,
followings challenges could be addressed and based on which
future research directions can be suggested (See Table 5).

V. CONCLUSION
This review underscores the transformative impact of meta-
materials in antenna design for enhancing gain. It highlights
the theoretical background of major types of metamaterials,
their characteristics, and integration in the antenna systems
for enhancing gain. A comprehensive analysis between dif-
ferent integration techniques in terms of their performances
has been explored. Additionally, there is a significant investi-
gation on antennas integrated with major types of metamate-
rials. Despite metamaterial’s advancements, the review also
acknowledges the challenges and complexities involved in
integrating metamaterials with antenna systems. The design
and fabrication of metamaterial-equipped antennas require
careful consideration of factors like the existing radiation
pattern of the antenna, desired directionality, and bandwidth
requirements. The integration process often demands a blend
of different metamaterials to achieve optimal performance,
adding to the complexity of antenna design.
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